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Edited by Ulrike KutayAbstract Initially perceived as little more than a container for
the genome, our view of the nuclear envelope (NE) and its role
in deﬁning global nuclear architecture has evolved signiﬁcantly
in recent years. The recognition that certain human diseases
arise from defects in NE components has provided new insight
into its structural and regulatory functions. In particular, NE de-
fects associated with striated muscle disease have been shown to
cause structural perturbations not just of the nucleus itself but
also of the cytoplasm. It is now becoming increasingly apparent
that these two compartments display co-dependent mechanical
properties. The identiﬁcation of cytoskeletal binding complexes
that localize to the NE now reveals a molecular framework that
can seamlessly integrate nuclear and cytoplasmic architecture.
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The nuclear envelope (NE) forms the interface between the
nucleus and cytoplasm and is essential in maintaining the un-
ique biochemical identity of each compartment [1]. Until quite
recently, the prevalent view of the NE has been that it func-
tions in a largely passive fashion, essentially as a selectively
permeable enclosure for the chromosomes. Recent develop-
ments, however, reveal that the NE plays far more active roles
throughout the cell cycle [2]. The recognition that certain dis-
eases are linked to defects in NE proteins has highlighted an
essential task for the NE in deﬁning interphase nuclear archi-
tecture. Related studies reveal that the NE also functions as a
signaling platform with an active role in mechanotransduction.
Of particular signiﬁcance, changes in NE organization lead to
altered cytoplasmic mechanics. The implication is that the NE
integrates both nuclear and cytoplasmic architecture by pro-
viding a dynamic link between nuclear components and the
cytoskeleton. This view is reinforced by ﬁndings that precise
nuclear positioning, which plays an essential role in the normal
physiology of many cell and tissue types, is dependent upon
interactions between the NE and cytoskeletal components.*Corresponding author. Fax: +1 352 392 3305.
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The NE is assembled from several discrete elements, the
most prominent of which are the inner and outer nuclear mem-
branes (INM and ONM, Fig. 1). In vertebrate cells these are
separated by a perinuclear space (PNS) of about 30–50 nm.
The INM and ONM are periodically connected at annular
junctions which form aqueous channels between the nucleo-
plasm and cytoplasm, and which are occupied by nuclear pore
complexes (NPCs). It is the NPCs, of which there may be sev-
eral thousand in a typical vertebrate somatic cell nucleus, that
regulate the traﬃcking of macromolecules across the NE [3]
(see Fig. 2).
In addition to its continuities with the INM, the ONM also
displays connections to the peripheral endoplasmic reticulum
(ER) to which it is functionally related. The ONM, however,
lacks proteins of the reticulon family that are required for
the establishment and maintenance of tubular ER [4]. Clearly
the INM, ONM and ER form discreet domains within a single
continuous membrane system. It follows that the PNS repre-
sents a perinuclear extension of the ER lumen, containing both
secretory and soluble ER resident proteins.
The ﬁnal major feature of the NE is the nuclear lamina [5].
This is a thin (20–50 nm) protein meshwork that is associated
with both the INM and underlying chromatin. Key protein
components of the lamina are A- and B-type lamins. These
proteins are members of the intermediate ﬁlament (IF) family
and like all IF proteins contain a central coiled-coil ﬂanked by
non-helical head and tail domains. Both A- and B-type lamins
interact with INM proteins [5] as well as with chromatin [6,7].
In this way, the nuclear lamina provides anchoring sites for
chromatin domains at the nuclear periphery, in addition to sta-
bilizing and organizing the NE. While the bulk of the lamins
reside at the NE, nucleoplasmic lamins have also been ob-
served [8–10] and have proposed roles in several aspects of nu-
clear metabolism, including replication [11–14].
2.1. The nuclear lamins
In mammalian cells there are two major A-type lamins, A
and C (LaA and LaC), encoded by a single gene, LMNA (in
humans) [15]. These two proteins are identical for the ﬁrst
566 amino acid residues. Both proteins possess unique C-ter-
minal extensions. In the case of lamin C this consists of six
amino acids. The unique region of lamin A is considerably lar-
ger at 98 amino acids. Mammalian somatic cells also contain
two B-type lamins, B1 (LaB1) and B2 (LaB2) [16], encoded
by separate genes (LMNB1 and LMNB2) [17,18]. While B-typeation of European Biochemical Societies.
Fig. 1. General organization of the nuclear envelope. Continuities
between the inner and outer nuclear membranes (INM and ONM) are
found at the periphery of each NPC. The ONM also displays junctions
with the peripheral endoplasmic reticulum (ER). Lamin ﬁlaments form
the basic structure of the nuclear lamina, which is closely associated
with the INM. Selected INM proteins, including lamina associated
polypeptides 1 and 2 (LAP1, LAP2), MAN1 and lamin B receptor
(LBR), are shown that interact with HP1 and BAF, and which provide
links to chromatin.
Fig. 2. The LINC complex (Linker of Nucleoskeleton and Cytoskel-
eton) in vertebrate cells connects nuclear components, including
chromatin domains with elements of the cytoskeleton including both
microﬁlaments and intermediate ﬁlaments. The LINC compex con-
tains ONM nesprins that are tethered, via trans-lumenal interactions,
by INM SUN proteins. Sun1, shown in the diagram, likely exists as a
dimer. Its nucleoplasmic domain binds A-type lamins and histone H2B
as well as hALP, a histone acetyltransferase.
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sion of A-type lamins is developmentally regulated [19,20]. As
a rule, A-type lamins are found in most adult diﬀerentiated celltypes but are absent from both early embryonic cells and some
stem cell populations [21,22]. In mice, A-type lamin expression
commences midway through gestation at embryonic day 8 or
9, initially in cells of the trophoblast and visceral endoderm
[20].
The ubiquitous expression of B-type lamins suggests that
these should be essential proteins. This has certainly turned
out to be true of LaB1, at least at the organismal level. Gene tar-
geting experiments in mice show that LaB1 is required for the
development of viable embryos [23]. Even so, mouse embryo
ﬁbroblasts (MEFs) derived from Lmnb1-null embryos can be
maintained in culture. Evidently this protein is dispensable in
certain cell types. This observation is supported by ﬁndings that
HeLa cells depleted of LaB1 [24] and/or LaB2 by RNAi con-
tinue to proliferate, at least in the short term (K.Roux,M. Crisp
and B. Burke, unpublished data).
LaA and LaB1/2, feature a C-terminal CaaX motif (where C
is cysteine, a is an aliphatic amino acid and X is usually a hydro-
phobic residue) that functions as a farnesyl acceptor [25]. This
modiﬁcation is mediated by a protein farnesyl transferase and
occurs on the CaaX cysteine of newly synthesized lamins [26–
29]. Farnesylation is followed by C-terminal proteolysis to re-
move the aaX residues. Processing is completed by carboxy
methylation of the C-terminus [30]. Farnesylation is a prerequi-
site for eﬃcient assembly of newly synthesized lamins into the
interphase nuclear lamina [31–33]. However, while the B-type
lamins are permanently farnesylated, this modiﬁcation is lost
from LaA through proteolysis within the C-terminal domain
[34]. This is catalyzed by ZmpSte24, an integral membrane pro-
teinase [35,36]. Cleavage evidently occurs after assembly of LaA
into the lamina, within 30–60 min of synthesis [37]. Thus, full
length, or pre-LaA exists only transiently in normal cells.
While individual lamins form coiled-coil homodimers, the
higher order organization of the lamina is still unclear. As
IF family members, the lamins are thought to be organized
in the form of ﬁlaments. Certainly this has been borne out in
studies on Xenopus oocyte NEs where the lamina appears as
an network of 10 nm ﬁbres [38]. However, the oocyte lamina
is composed primarily of a single lamin isoform (lamin L III)
[39]. The organization of the more complex mammalian so-
matic cell lamina has yet to be deﬁned [40].2.2. Nuclear membrane proteins
Regardless of their connections at NPCs, the INM and ONM
are biochemically distinct. Proteomic studies have identiﬁed 60
or more integral membrane proteins that are enriched in the
NEs of rat liver nuclei. The bulk of these appear to reside within
the INM [41]. Localization of proteins to the INM involves a
process of selective retention [42–44]. In this scheme, proteins
that are synthesized on the ER or ONM gain access to the
INM by lateral diﬀusion via the continuities at each NPC. Only
proteins that interact with nuclear or NE components are re-
tained and concentrated. Recent ﬁndings indicate that move-
ment of proteins between the ONM and INM has an energy
dependency [45], possibly at the level of NPCs. There is also evi-
dence that importin alpha family members may facilitate target-
ing of certain INM proteins [46,47]. It is likely, therefore, that
models of INM protein localization will continue to evolve.
Although the ONM is functionally related to the peripheral
ER, these two membranes are not identical. The ONM lacks
proteins that are typically found associated with tubular regions
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brane proteins that are not found within the ER [48]. About a
dozen such proteins have now been identiﬁed from a variety
of organisms (Table 1). A feature that all of these have in com-
mon is that they interact with components of the cytoskeleton
and in certain cases have roles in nuclear positioning or migra-
tion.
2.3. The LINC complex
Recognition of ONM-speciﬁc integral proteins raises the
question of what prevents these proteins from escaping to the
peripheral ER [49–51]. Either these proteins are tethered in
some way or the ER/ONM junctions must contain some form
of barrier to diﬀusion. This issue was originally highlighted
by Starr and Han [52] in studies on Anc-1, aCaenorhabditis ele-
gans ONM protein. Anc-1 is an extremely large type II mem-
brane protein that contains an N-terminal actin binding
domain followed by an extensive coiled-coil region. Its single
transmembrane domain is close to the C-terminus leaving only
a short 40 residue sequence that extends in to the PNS. Based
on secondary structure predictions, the Anc-1 ABD could ex-
tend as much 500 nm from the nuclear surface [52]. Anc-1 is
essential for actin-dependent nuclear positioning in syncitial
hypodermal cells as well as in cells of the gut. In the absence
of functional Anc-1 hypodermal nuclei ﬂoat free and form large
aggregates. A similar situation is observed in Drosophila myo-
genesis and oogenesis, where MSP300, an Anc-1 related ONM
protein, is essential for nuclear anchoring [53–55].
In C. elegans, the localization of Anc-1 to the ONM was
found to be dependent upon Unc-84, an INM protein, which
in turn is immobilized by the single C. elegans lamin. These
ﬁnding led to suggestions by Lee et al. [56] and Starr and
Han [57] that Unc-84 might function as a tether for Anc-1.
The implication being that the two proteins would interact
either directly or indirectly via their respective lumenal do-
mains [56,57]. In this way, Anc-1 and Unc-84 were proposed
to function as links in a molecular chain that spans the NE
and which connects the actin cytoskeleton to the nuclear lam-
ina.Table 1
KASH domain proteins of the ONM
Name Cytoskeletal interaction Propose
interacti
C. elegans
ANC-1 Actin UNC-84
UNC-83 Microtubules UNC-84
Zyg-12 Dynein Centrosomes Mateﬁn
D. melanogaster
Klarsicht Dynein Klaroid
MSP-300 Actin CG1858
Mammals
Nesprin 1G, Syne1, Myne1, ENAPTIN Actin Sun1/2
Nesprin 2G, Syne2, NUANCE Actin Sun1/2
Nesprin 3 Plectin Sun1/2
Nesprin 4 Not known Sun1/2
aM. Crisp, K. Roux and B. Burke, unpublished observations.The ﬁrst ONM protein to be identiﬁed in mammalian cells
was Syne1 [58]. Like Anc-1, Syne1 is an extremely large
(1000 kDa!) type II membrane protein that contains an N-ter-
minal ABD consisting of paired calponin homology domains.
However, while the bulk of the Anc-1 molecule is predicted to
form a coiled-coil, Syne 1 instead displays multiple triple heli-
cal spectrin repeats. In all likelihood, the cytoplasmic N-termi-
nal domain of Syne 1 is highly ﬂexible. Based upon the known
dimensions of erythrocyte spectrin [59], Syne 1 could poten-
tially extend up to 400 nm from the nuclear surface. In muscle,
Syne 1 displays a striking distribution. It is enriched in the NEs
of nuclei that are clustered beneath the post-synaptic mem-
brane. These nuclei are specialized for the synthesis of mRNA
encoding synapse-speciﬁc proteins [60]. It was suggested that
Syne1 might be responsible for the actin-dependent positioning
of these post-synaptic nuclei [58]. Disruption of the Syne 1
gene in mice [61], as well as transgenic expression of dominant
negative Syne 1 mutants [62] have shown that this is indeed the
case. These experiments have also revealed that this nuclear
clustering is not essential for innervation or muscle function
[62].
Syne 1 (also known as ENAPTIN [49] and Myne 1 [63]) is a
member of a larger protein family known as nesprins (NE
spectrin repeat proteins). Syne1 is now more commonly re-
ferred to as nesprin 1 Giant (Nesp1G) [50,64], and this is the
terminology that we will continue to use in this review. The ne-
sprin 1 gene encodes a bewildering array of splice isoforms
some of which may be associated with other cellular structures
including the Golgi apparatus [65–67] and INM [63,68,69].
The nesprin 2 gene is a vertebrate paralogue of nesprin 1,
and like the latter encodes a complex mixture of splice variants
[50,64]. The largest of these, nesprin 2 Giant (Nesp2G,
800 kDa, also known as NUANCE [51]) is also an ONM pro-
tein displaying an N-terminal ABD [50,64]. Nesprins 1 and 2
appear to be functionally redundant since mice lacking either
gene display no overt pathologies [61]. However, deletion of
both genes is associated with neonatal lethality that is attrib-
uted to respiratory failure likely caused by diaphragm dysfunc-
tion [61].d SUN
on
Proposed function References
Nuclear positioning and
migration; mitrochrondrial positioning
[52,56]
Nuclear positioning and migration [56,79,80]
/Sun1 Nuclear migration;
centrosome/NE attachment
[91,92,146]
Nuclear positioning in
eye development
[83,85,86]
4 Nuclear positioning/anchorage in
myogenesis and oogenesis
[54,55]
Nuclear anchorage; actin/NE tethering [49,50,58,63]
Nuclear Anchorage; actin/NE tethering [50,51,58]
IF/NE connection; sequestration of plectin [81,82]
Not known a
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come a topic of intense scrutiny. One of the features that is
common to both nesprins and Anc-1 is a sequence encompass-
ing the transmembrane and C-terminal lumenal domains, and
consists of about 60 amino acid residues. This sequence is also
shared with another large Drosophila ONM protein, Klarsicht
(which will be described in greater detail below) and has been
termed the KASH domain (Klarsicht, Anc-1, Syne Homology)
[52]. The C. elegans INM protein Unc-84 also contains a con-
served C-terminal domain. This sequence, of about 200 amino
acid residues, which is homologous to the C-terminal region of
Sad1p, a NE spindle pole body protein in S. pombe is known
as the SUN domain (for Sad1p, Unc-84) [70].
Vertebrates contain at least ﬁve SUN domain proteins, and
two of these, Sun1 and Sun2 localize to the INM in the major-
ity of cell types [71–75]. The nucleoplasmic domains of both
Sun1 and Sun2 interact with A-type lamins [71–73,75]. How-
ever, this interaction is not required for targeting to the
ONM. Sun1 has also been shown to bind hALP, a mem-
brane-associated histone acetyltransferase [76]. It is highly
likely given their overall similarity that Sun2 will also be found
to associate with chromatin components. Sun1 does, however,
diﬀer from Sun2 in two important characteristics. Firstly, Sun1
but not Sun2 is concentrated around NPCs [77]. In this way,
Sun1 and Sun2 are segregated in the plane of the NE, perhaps
deﬁning microdomains within the INM. Secondly, Sun1 asso-
ciates with telomeres during meiotic prophase in mice [78].
Loss of Sun1 expression results in abolition of spermatogenesis
and oogenesis.
In a gratifying analogy with Anc-1 and Unc-84, Sun1 and
Sun2 are required for the ONM localization of Nesp1G and
Nesp2G in somatic cells [71,72,75]. Down-regulation of Sun1
and Sun2 by RNA interference leads to a loss of NE-associ-
ated nesprins. Furthermore, appropriate nesprin localization
is dependent upon the integrity of the nesprin KASH domain.
Indeed overexpression of either the Nesp1 or Nesp2 KASH
domain displaces full-length endogenous nesprins from the
ONM [62]. Several laboratories have now demonstrated an
interaction between the Nesp2G KASH domain and the
Sun1 lumenal domain [71,72,75]. In this way Sun1 and
Nesp2G provide a connection between the actin cytoskeleton
and nuclear components including lamins and chromatin asso-
ciated molecules. We now refer to these Sun/nesprin pairs as
LINC complexes (LInkers of Nucleoskeleton and Cytoskel-
eton) [71]. To complete the circle, a direct interaction has
now been identiﬁed between Unc-84 in the INM and Unc-83
in the ONM [79]. Unc-83, like Anc-1 is a KASH domain pro-
tein that is required for actin-dependent nuclear migration in
several C. elegans tissues [80].
Two other vertebrate nesprin family members have been
identiﬁed. Nesprin 3 is a 112 kDa protein that localizes to
the ONM in many cell types [81]. Like nesprins 1 and 2, it
features a C-terminal KASH domain and multiple spectrin re-
peats that extend in to the cytoplasm. Localization of nesprin 3
is KASH dependent and requires INM SUN proteins [82]. In
contrast to nesprins 1 and 2, nesprin 3 lacks an N-terminal
ABD. Instead, it contains a binding site for plectin, a large
and versatile cytolinker molecule. Plectin may provide a link
between nesprin 3 and the IF network [81]. Nesprin 4 is a re-
cently identiﬁed member of the family that appears to be epi-
thelial speciﬁc. While its localization is dependent upon KASH
and SUN protein interactions, possible cytoskeletal bindingfunctions remain unclear (M. Crisp, K. Roux and B. Burke,
unpublished observations).
While the most obvious function of Sun1/2-nesprin interac-
tions is the transmission of force from the cytoskeleton to nu-
clear components, it has become clear that they also have a
role in NE organization. Sun1 for instance seems to be a deter-
minant of NPC distribution [77]. In the absence of Sun1 or in
the presence of certain Sun1 mutants, NPCs lose their normal
uniform distribution across the nuclear surface and instead
form aggregates [77]. Disruption of LINC complexes, either
by down regulating Sun1/2 by RNA interference, or by overex-
pression of Sun1 dominant negative mutants leads to expan-
sion of the PNS and dilation of the ONM [71]. Evidently
Sun1/2-nesprin interactions contribute to the very uniform
spacing of the INM and ONM.
There are at least two other KASH domain proteins that are
now known to interact with the microtubule system. Klarsicht,
one of the prototype members of this family, is a large
(250 kDa) protein that is involved in the microtubule depen-
dent positioning of nuclei during photoreceptor development
in Drosophila [83,84]. It is also apparently required for lipid
droplet transport. Most evidence suggests that the function
of Klarsicht is as an ONM binding partner for dynein, a minus
end directed motor protein [85]. Localization of Klarsicht to
the ONM is mediated by Klaroid, a Drosophila SUN domain
protein of the INM [86]. The Drosophila B-type lamin, lamin
Dm0, is required for Klarsicht function within the photorecep-
tor [84]. Thus like other SUN-KASH pairs, Klaroid-Klarsicht
likely functions to transmit mechanical forces from the cyto-
skeleton to the nuclear lamina. Klarsicht appears to be found
only in insect cells. However, while dynein is known to associ-
ate with the NE in vertebrate cells, its binding partner(s) re-
mains unidentiﬁed [87–90].
In the majority of cell types, the centrosome is closely asso-
ciated with the nucleus. In C. elegans, this attachment is med-
iated by Zyg-12, a protein that is related to Drosophila Hook
[91]. Zyg-12 is localized to the ONM and features a C-terminal
KASH domain. Like other ONM KASH domain proteins,
Zyg-12 localization is dependent upon tethering by an INM
SUN domain protein, in this case Sun1/mateﬁn [92]. Zyg-12
interacts directly with cytoplasmic dynein via the dynein light
intermediate chain [91]. Since microtubules are anchored at the
centrosome via their minus ends, the action of the minus end
directed motor activity of dynein will be to reel in the centro-
some towards the nucleus. An isoform of Zyg-12 also appears
to be associated with the centrosome and Zyg-12 is known to
self-associate [91]. Thus interaction between Zyg-12 in the
ONM and centrosome attached Zyg-12 will serve to anchor
the centrosome at the NE. While a Zyg-12 orthologue has
not been identiﬁed in vertebrate cells, in an intriguing parallel
with vertebrate Sun1, C. elegans Sun1/mateﬁn, in association
with Zyg-12, is actually required for meiotic homologous pair-
ing [92].
In the absence of vertebrate Zyg-12, Hutchinson and col-
leagues have demonstrated a role for emerin in centrosome
association with the NE [93]. When emerin expression is down-
regulated by RNA interference, the centrosome is observed to
become separated, often times by several microns, from the
NE. A similar phenomenon is observed in mouse embryo
ﬁbroblasts deﬁcient in A-type lamins where emerin is lost from
the NE [94]. Emerin has been traditionally thought of as an
INM protein. However, these recent studies have revealed an
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function either directly or indirectly as a centrosomal tether.
The presence of cytoskeletal binding proteins of the ONM
provides a foundation for observations stretching back several
decades. It has long been recognized that both actin and IFs
are associated with the NE [95]. Indeed a recent report de-
scribes the nucleation of actin polymerization at the ONM
[96]. Clearly proteins such as Nesp1G and Nesp2G would rep-
resent the necessary molecular links to the actin cytoskeleton.
Ultrastructural studies provide numerous accounts of IFs con-
tacting or terminating at the NE or NPCs [95]. The presence of
nesprin 3 within the ONM combined with the association of
Sun1 with NPCs suggests a basis for these ﬁndings. Of course
the existence of Sun-nesprin linkages that span the NE sug-
gests that the nucleus and cytoplasm may display co-depen-
dent mechanical properties. This has now been shown to be
the case [97]. Indeed studies by Ingber and colleagues have
demonstrated that physical displacement of cell surface inte-
grins leads to deformation of the nucleoplasm [98], an eﬀect
that can be observed over distances of many microns.
Evidently nuclear components may be mechanically coupled
to the extracellular matrix (ECM). Clearly the LINC complex
now provides a foundation for these observations, which in
turn have obvious implications in terms of mechanotransduc-
tion. We will return to these concepts when we consider the
role of NE components in human disease.2.4. Mitosis
It has become increasingly clear that interactions between
the cytoskeleton and NE components play essential roles in
mitotic progression. In higher cells because the mitotic spindle
is assembled in the cytoplasm, the NE must undergo some de-
gree of disassembly, a process that is mediated by phosphory-
lation of multiple NE components. NE disassembly in this way
permits spindle microtubules to gain access to the mitotic chro-
mosomes. Upon completion of chromatid segregation, all of
the disassembled NE components are reutilized to assemble
NEs in each daughter cell [99].
Disruption of the nuclear membranes is one of the key
events in NE breakdown (NEB). In vertebrate somatic cells
this involves the dispersal of nuclear membrane components
throughout the peripheral ER [42,100]. Disruption of the nu-
clear membranes is facilitated by astral microtubules and
ONM-associated cytoplasmic dynein [101,102]. In essence,
the poleward movement of dynein on the ONM serves to tear
open the nuclear membranes which are then resorbed into the
ER [42,100]. There is also a poorly understood involvement of
COP1, a Golgi apparatus-associated vesicle coat protein com-
plex [103,104]. COP1 displays an arrangement of structural
motifs that is found in a complex of NPC subunits or nucleo-
porins (Nups) [105]. This complex, which contains Nups107
and 160, is a component of the central structural framework
of the NPC. The suggestion now is that there may be evolu-
tionary and mechanistic relationships between COP1 and cer-
tain NPC components.
An emerging theme is the display of dual interphase versus
mitotic functions of several NE components. A- and B-type
lamins are dispersed during mitosis. While A-type lamins be-
have as soluble proteins, B-type lamins, which are constitu-
tively farnesylated, remain largely membrane-associated
[106]. Surprisingly, the B-type lamins play an active role in mi-totic progression by contributing to the formation of a spindle
matrix [107]. Similarly, certain Nups also display dual func-
tions. Nup358 is a component of short ﬁlaments that form
the cytoplasmic face of the NPC. Following NEB, however,
Nup358 relocates to kinetochores [108]. In the absence of
Nup358, kinetochores are malformed leading to chromatid
segregation defects [109,110]. The Nup107/Nup160 complex
exhibits similar mitotic behavior [111,112] and is required for
the recruitment of Nup358 to the kinetochore [113]. Evidently
there is a reciprocal relationship between the spindle and the
NE. Dynein and astral microtubules facilitate NEB, while dis-
assembled NE components contribute to maturation of a func-
tional spindle.2.5. Nuclear envelope and muscle disease
During the past 15 years a variety of human diseases have
been linked to defects in NE proteins, most notably A type
lamins. These disorders, frequently referred to as laminopa-
thies include muscular dystrophies, lipodystrophy and proge-
ria, and have been topics of a number of recent reviews
[114–116]. Reports from several laboratories suggest that at
least in the case of the muscular dystrophies, defects in nucle-
ocytoplasmic coupling may contribute to the disease progres-
sion. The ﬁrst disorder to be linked to an NE defect was
Emery-Dreifuss MD (EDMD) [117]. EDMD displays two
inheritance patterns, X-linked and autosomal [118]. Both
forms of the disease display similar physical symptoms, nota-
bly degeneration of muscles of the upper arms, shoulder girdle
and lower legs, and contractures of the Achilles tendons as well
as of tendons of the elbows and neck. The contractures have a
childhood onset and are one of the early signs of disease.
EDMD also features a life threatening cardiac involvement
with both cardiac muscle degeneration and associated conduc-
tion system block.
X-linked EDMD was ﬁrst mapped to the gene encoding
emerin, a 29kDa nuclear membrane protein [119]. The autoso-
mal form of EDMD was subsequently linked to defects in the
A-type lamins [120]. The general consensus that has emerged is
that EDMD is associated with either emerin or lamin A/C loss
of function. Because both emerin and A-type lamins are ex-
pressed in the majority of cell types, quite why their loss of
function should be associated with muscle disease remains a
vexing question.
The most common form of MD is Duchenne MD. This is an
X-linked disorder in which the aﬀected gene encodes dystro-
phin, a large (400 kDa) spectrin repeat protein that is related
to the nesprins. In muscle cells, dystrophin links the actin cyto-
skeleton to the sarcolemma and extracellular matrix [121,122].
The N-terminus of dystrophin interacts directly with non-sar-
comeric actin ﬁlaments. Distal regions of the molecule bind a
complex of sarcolemma proteins containing, among others,
members of the dystroglycan (DAG) and sarcoglycan (SGC)
families of glycoproteins. One of these, alpha-DAG, in turn
binds to alpha2-laminin on the extracellular face of the plasma
membrane providing a link to the ECM. Not surprisingly,
mutations in the genes encoding DAGs and SGCs (as well as
laminin) have also been linked to various forms of MD
[121,122]. Similarly, other forms of MD (e.g. Fukuyama con-
genital MD) involve proteins implicated in the intracellular
processing of DAGs and SGCs [123,124]. What all of these
proteins have in common is their contribution to the integrity
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muscle cell cytoskeleton to the ECM via the plasma mem-
brane. Although at ﬁrst sight, EDMD appears to be quite dis-
similar to the dystrophin-related MDs, as discussed below,
recent reports suggest that there might actually be some mech-
anistic links between these disorders.
Analyses of the emerin protein both in vivo and in vitro have
revealed that its nucleoplasmic domain interacts with multiple
proteins [125–129]. The N-terminus of emerin shares a se-
quence of about 40 amino acids with several other proteins
including the INM proteins lamina associated polypeptide 2
(LAP2) and MAN1. This region of homology, the LEM do-
main, functions as a binding site for BAF (barrier to autointe-
gration factor) a small DNA binding protein [130,131]. In this
way BAF functions as a link between emerin and chromatin.
Emerin also binds to several transcriptional regulators, germ
cell-less (GCL) and Btf [125,127]. Because overexpression of
Btf induces apoptosis, its sequestration by emerin could have
an anti-apoptotic function. Emerin might also modulate pre-
mRNA splicing since it interacts with YT521-B, a factor in-
volved in splice site selection [129].
In addition to these regulatory molecules, emerin interacts
with a number of structural proteins including actin, A-type
lamins and Nesp1alpha [68]. Emerin has been shown to pro-
mote polymerization of actin and to cap the pointed end of ac-
tin ﬁlaments in vitro [126]. It likely binds nuclear actin in vivo.
As will be elaborated upon, interaction with A-type lamins
contributes to the localization of emerin to the INM. Interac-
tion between emerin and Nesp1alpha appears to involve cis
association within the INM [63,68]. There is no evidence for
an emerin–nesprin trans-lumenal link equivalent to the Sun-
nesprin LINC complex but it is possible that Sun proteins
might be able to interact in cis with INM nesprins (such as nes-
pr1alpha, and hence indirectly with emerin). As a whole, these
ﬁndings indicate that there are complex networks of interac-
tions at the NE involving lamina, cytoskeletal, membrane
and chromatin components.
Studies on the role of emerin in vivo have so far shed only a
little light on the etiology of X-linked EDMD. In C. elegans,
depletion of the emerin orthologue by RNA intereference
yields no detectable phenotype, although it is synthetic lethal
with depletion of the C. elegans orthologue of MAN1 [132].
Mice harboring a deletion of the emerin gene display no overt
symptoms of MD [133]. However, in common with EDMD
patients, ﬁbroblasts derived from emerin-null mice often have
irregular nuclei featuring blebbing of the nuclear membranes
[133]. Furthermore, emerin-null MEFs have impaired signaling
responses to mechanical stress. The overall eﬀect is that emer-
in-null cells, when compared with wild-type cells, display in-
creased rates of apoptosis when subjected to mechanical
strain [133].
In addition to the autosomal dominant form EDMD, A-type
lamin defects are also associated with two other striated muscle
pathologies, limb girdle MD 1B (LGMD1B) and dilated car-
diomyopathy (DCM) [115]. The latter is also a feature of both
EDMD and LGMD1B. These two MDs diﬀer largely with re-
spect to the aﬀected muscle groups (e.g. distal versus proximal
leg muscles). Evidently, certain LMNA mutations, possibly
inﬂuenced by other genetic or environmental factors, may cause
heart disease (DCM) but spare skeletal muscle [134].
Mice deﬁcient in A-type lamins develop symptoms of mus-
cular dystrophy soon after birth [135]. At the cellular level, lossof A-type lamin expression is associated with prominent
changes in nuclear morphology [135]. In both Lmna-null
MEFs as well as in cells from laminopathy patients
[136,137], highly irregular nuclei are observed. This is usually
associated with the appearance of NE ‘‘herniations’’ in which
B-type lamins, INM proteins, NPCs and chromatin are with-
drawn from one pole of the nucleus, and is accompanied by
localized dilation of the ONM. Loss of peripheral heterochro-
matin is also observed. Given that heterochromatin is gener-
ally transcriptionally silent, loss of A-type lamins could be
associated with altered gene expression patterns.
Another conspicuous feature of Lmna-null MEFs is the
mislocalization of emerin from the INM to the peripheral
ER [135]. Introduction of human LaA in to these cells will re-
store normal emerin localization. Similar mislocalization of
emerin can be observed in HeLa cells following depletion of
A-type lamins by RNA interference [24]. These observations
demonstrate that A-type lamins contribute to the localization
of emerin in the INM and provide a molecular relationship be-
tween X-linked and autosomal EDMD. They also support
selective retention as a mechanism for INM protein localiza-
tion.
At present there are two views of how defects in NE proteins
might cause skeletal and cardiac muscle disease, and involve
either mechanical stress or gene expression based models
[116,138]. These views are not, however, mutually exclusive.
The mechanical stress model proposes that muscle cell nuclei
lacking functional A-type lamins or emerin may be singularly
prone to damage caused by repeated cycles of muscle contrac-
tion. This notion has some merit, since nuclei in Lmna-null
MEFs are more deformable and rupture under lower applied
forces than nuclei in wild-type MEFs [97,139]. Lammerding
et al. have also demonstrated that the cytoplasm of Lmna-null
MEFs is mechanically less resilient than that of wild-type cells
[97]. This begins to make some sense given that we now know
that nuclei are coupled to both the actin and IF cytoskeleton
via the LINC complex of Sun proteins and nesprins
[50,51,71,72,75,81]. Furthermore, Sun2, like emerin, is lost
from the nuclear periphery of many (>90%) Lmna-null MEFs
[71]. In muscle cells, actin ﬁlaments and desmin IF ﬁlaments
are linked to DAGs and SGCs at the cell surface via contacts
with dystrophin and other dystrophin interacting proteins.
This raises the possibility that in EDMD and related myopa-
thies, mechanical stress might have detrimental eﬀects on both
nuclear and cytoplasmic (and perhaps plasma membrane)
organization. In this respect, the etiology of EDMD could
have more in common with that of Duchenne and related
MDs than immediately meets the eye. This suggestion is leant
further credence by the recent ﬁndings that in a minority of
autosomal EDMD patients carrying two normal LMNA al-
leles the disease may be the result of nesprin defects [140].
The alternative view of EDMD, LGMD1B and DCM pro-
poses that changes in NE organization due to emerin or lamin
mutations might lead to variations in muscle gene expression
patterns. Both emerin and A-type lamins are known to interact
with transcriptional regulators including GCL and Btf (in the
case of emerin) [125,127] and SREBP and MOK2 (in the case
of lamin A) [141,142]. Furthermore, the well-documented rear-
rangements in heterochromatin organization would be entirely
consistent with this idea. Evidence in favor of the gene expres-
sion model comes from several quarters. For instance, while
emerin deﬁcient mice exhibit no overt pathology, muscle
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myogenic diﬀerentiation is delayed, an eﬀect associated with
perturbations in pathways regulated by Rb and MyoD [143].
Similarly, LaA mutants have been found to interfere with
the diﬀerentiation of C2C12 myoblasts [144,145].
Both mechanical stress and gene expression defects may be
integrated in other observations. Lmna-null MEFs exhibit im-
paired mechanotransduction and decreased viability under
mechanical strain [97,139]. Induction of the mechanosensitive
genes, iex-1 and egr-1 is strongly attenuated. Similar but
milder eﬀects are observed in emerin-null cells [133]. Lmna-null
cells also exhibit reduced NF-kB-regulated transcription in re-
sponse to either cytokine or mechanical stimulation [97]. Ta-
ken together, these observations suggest that emerin- and
Lmna-null cells have reduced viability when subjected to
mechanical stress. This reduced viability may be due to direct
mechanical eﬀects, inability to induce mechanosensitive genes,
or indeed to both. Hence the mechanical stress and gene
expression models might accurately describe diﬀerent aspects
of the molecular basis of EDMD and related myopathies.
Although interactions between the nucleus and cytoskeleton
have been appreciated for decades, it is only relatively recently
that molecular details have begun to emerge. The surprise is
that NE components, such as the LINC complex, that bind
cytoskeletal elements actually provide a molecular connection
to nuclear structures. In this way LINC complex isoforms
truly integrate nuclear and cytoplasmic architecture. There is
also the implication that these structures might constitute sig-
naling mechanisms between the nucleus and the cytoplasm that
circumvent nuclear pore complexes. In any event, these newly
discovered cytoskeletal interactions at the nuclear surface are
enhancing our view of the role of the NE in cell physiology
both in health and disease.
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